Peroxisome proliferator-activated receptor (PPAR)-α is a transcription factor that has been reported to inhibit gentamicininduced apoptosis in renal tubular cells. However, the antiapoptotic mechanism of PPARα is still unknown. In this study, we found that PPARα overexpression induced Na + /H + exchanger-1 (NHE1) expression in the rat renal tubular cells NRK-52E. Beraprost, a
a PPARα ligand, protects renal tubular cells from gentamicin-induced apoptosis through a PPARα-dependent pathway (10) . Beraprost, an analog of prostacyclin, also protects mice from acute renal failure induced by radiographic contrast media (11) . PPARα overexpression in rat renal tubular cells significantly inhibits doxorubicin-induced apoptosis (12) . These findings suggest that PPARα expresses a strong antiapoptotic effect on renal tubular cells.
Gentamicin, an aminoglycoside antibiotic, is one of the first-line antibiotics for a wide range of gram-negative bacterial infections because of its clinical effectiveness and low cost (13) . However, gentamicin is also nephrotoxic and induces acute kidney injury (AKI) in about 30% of patients (13, 14) . The key cytotoxic mechanism of gentamicin in elements (PPREs) located in the regulatory regions (3) (4) (5) . Recent studies have shown that some drugs and hormones, such as l-carnitine, pravastatin and urotensin II, exert an antiapoptotic effect on renal tubular cells through PPARα activation (6) (7) (8) . The activation of PPARα by fibrate treatment was found to inhibit cisplatin-mediated renal tubular injury in renal epithelial cells (9) . Prostacyclin,
InTRODUCTIOn
PPARα is a nuclear receptor for long-chain fatty acids and various fatty acid-derived compounds (1, 2) . Ligand-activated PPARα heterodimerizes with the retinoic X receptor (RXR) to regulate the expression of certain lipid metabolism-associated genes, such as the malonyl-CoA decarboxylase gene, by binding PPAR response Reactions were run on an RT-PCR system (ABI PRISMH 7700, Applied Biosystems). Specific primers for GAPDH (Rn01775763_g1) were used to normalize the amount of sample added. Relative amounts of the NHE1 mRNA were quantitated using the comparative computed tomography (CT) method. All quantifications were performed on triplicate samples of three separate experiments.
Construction for PPAR` Overexpression
For PPARα overexpression, we amplified the rat PPARA gene fragment (GenBank: M88592.1) with BamH1 and Xba1 cuttings sites at the 5′ and 3′ ends from the total RNA by PCR with a 5′-primer (AAGGA TCCAT GGTGG ACACA GAGAG CCC) and 3′-primer (GGTCT AGATC AGTAC ATGTC TCTGT AGATC TC). The PCR product was inserted into pcDNA3 plasmid ( Invitrogen) as a PPARα overexpression construct (pcPPAR). We transfected the NRK-52E cells with the plasmids using TurboFect Transfection Reagent (Thermo Fisher Scientific) according to the manufacturer's instructions.
Western Blot Analysis
A total of 20 μg NRK-52E lysate proteins were applied to each lane and analyzed by Western blotting. Anti-PPARα and anti-PIP 2 antibodies were from Abcam (Cambridge, UK); the anti-NHE-1 (H-160) antibody was from Santa Cruz Biotechnology; the anti-PI3K p85, anti-Akt, antiphosphate-Akt (Thr308), anti-Bcl-xL, anti-caspase-3, anti-ezrin/radixin/ moesin and anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibodies were from Cell Signaling Technology; and the anti-radixin antibody was from Thermo Fisher Scientific. Peroxidase-conjugated anti-rabbit or anti-goat IgG (1:5,000 dilution) was used as the second antibody to detect primary antibodies by enhanced chemiluminescence (Amersham Biosciences). apoptotic stress (20). Genetic NHE1 loss of function causes renal tubule epithelial cell apoptosis, which is reduced by NHE1 reconstitution (22). These findings indicate that NHE1 activity is critical for tubular epithelial cell survival.
The present study aims to investigate the antiapoptotic mechanism of PPARα in renal tubular cells. The regulatory role of PPARα in NHE1 expression implies a connection between the antiapoptotic function of NHE1 and the protective effect of PPARα in renal tubular cells. Therefore, we explored the role of NHE1 and its signaling transduction in the PPARα antiapoptotic mechanism in gentamicin-treated rat renal tubular cells.
MATeRIALS AnD MeThODS

Cell Culture
We purchased rat proximal renal tubular cells (NRK-52E) from the Bioresource Collection and Research Center. Cells were cultured in Dulbecco's modified Eagle's medium supplemented with antibiotic/antifungal solution and 10% fetal calf serum. When the cells became confluent, the medium for the cultured cells was changed to the serum-free medium for overnight incubation before the experiment. The NHE1 inhibitor cariporide was purchased from Sigma-Aldrich.
RnA extraction and the Quantitative Real-Time Polymerase Chain Reaction Analysis
Total RNA was extracted from the NRK-52E cells by using a TRIzol reagent (Life Technologies) according to the manufacturer's instructions. The isolated total RNAs were then analyzed by Welgene Biotech with next-generation sequencing analysis. For quantitative real-time polymerase chain reaction (RT-PCR) of the NHE1, the total RNA were reverse-transcribed by using a TaqMan Reverse Transcription Kit (Life Technologies) and then applied in TaqMan gene expression assays with specific primers of rat NHE1 (Rn00561924_m1) according to the renal proximal tubular cells is apoptosis inducing (15) . Gentamicin reduces Bcl-xL expression and causes the release of cytochrome c from the mitochondria to activate caspase-3 and consequently induces mitochondria-mediated apoptosis in renal tubular cells (16) . Until now, there has not been an ideal clinical remedy to prevent gentamicin-induced AKI.
Because of the antiapoptotic effect, PPARα is supposed to be a potential therapeutic target of gentamicin-induced apoptotic injury in renal tubular cells. A full exploration of the protective mechanism of PPARα will help to develop an effective remedy for gentamicin-induced AKI. Some studies show that reactive oxygen species downregulation is involved in the PPARα protective function in brain and renal tubular cells (10, 17) . The protective effect of PPARα is associated with heme oxygenase-1 expression and nuclear factor (NF)-κB inhibition (6, 12 Figure 3 . PCR products were analyzed by 8% polyacrylamide gels stained with SYBR Green.
Luciferase Reporter Assay
We extracted rat genomic DNA from the NRK-52E cells by using a Genomic DNA Mini Kit (Geneaid). Rat NHE1 promoter fragments (-2889/-1, -2388/-1, and -615/-1) were amplified by PCR from rat genomic DNA with the forward primer 1 (GGTAC CAACT AGGAA TCATG CTTCC TGTGA C), forward primer 2 (GGTAC CAGGA ACTGG ACACT CCCAG AGCT), forward primer 3 (GGTAC CCTGC GCCGA GGCGC CTTCC C) and reverse primer (GGATC CACTG ATCCC CCAGC CTAGG A). The PCR products were digested with KpnI and BamH1 and cloned into the reporter plasmid pGL3-Basic (Promega) to generate -2889/-1 NHE1-LUC, -2388/-1 NHE1-LUC and -615/-1 NHE1-LUC. Plasmids were verified by DNA sequencing and compared with the nucleotide sequences of the rat NHE1 promoter fragment (GenBank NW_001084844.1).
and Use approved all animal experiments in this study. Mice were housed in a central facility, subjected to a 12-h light-dark cycle and provided with regular rat food and tap water. For monitoring NHE1 expression, mice received an intravenous (IV) injection of beraprost sodium (Cayman Chemical) dissolved in saline, at a dose of 100 μg/kg (n = 3), or received IV injections of saline (n = 3). The kidneys of the mice were harvested 3 h after the treatment with a surgical operation and homogenized for Western blotting analysis. For histological analysis, we fixed the harvested kidneys in 10% formalin and embedded in paraffin and sectioned at 4-μm thickness for hematoxylin/ eosin staining or immunohistochemistry staining. Additionally, for detecting the antiapoptotic effect of beraprost on the kidneys, normal mice and PPARα knockout mice were separated into three groups, respectively. Mice (n = 3) for gentamicin treatment received an intraperitoneal (IP) injection of gentamicin (30 mg/kg/day) for 7 d. Mice (n = 3) for gentamicin and beraprost treatment received an IV injection of beraprost sodium at a dose of 100 μg/kg/day 30 min before each gentamicin injection. Control mice (n = 3) received IP and IV injections of saline. Treated and control mice were killed 24 h after the last treatment, and the kidneys of the mice were harvested and frozen for in situ terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay.
Immunohistochemistry
Slides were deparaffinized in xylene and rehydrated with 100% ethanol, 95% ethanol and water serially. We immersed the slides into antigen-retrieval buffer (10 mmol/L trisodium citrate dihydrate, 0.05% Tween-20, pH 6.0) boiled by water bath for 30 min. Slides were stained by using an UltraVision Quanto HRP Detection kit (Thermo Fisher Scientific) with an NHE1 antibody (sc-28758, Santa Cruz) dilution (1:500) according to the manufacturer's instructions. The slides were observed by using an Axiovert 40CFL microscope
Apoptosis Detection
Cell apoptosis was detected by flow cytometry with fluorescein isothiocyanate-annexin V/propidium iodide (PI) double staining. Treated NRK-52E cells were harvested and washed twice with ice-cold phosphate-buffered saline (PBS) and stained using an apoptosis detection kit (Trevigen). The stained cells were analyzed by LSRFortessa™ Cell Analyzer (BD Biosciences, Becton Dickinson) and BD FACSDiva™ software.
Cytosolic ph Measurement
The cytosolic pH of the NRK-52E cells was monitored by using ratiofluorometric pH-sensitive dye 2′,7′-bis-(2-carboxyethyl)-5(6)-carboxy-fluorescein (BCECF, Invitrogen), as described previously (23). In brief, BCECF (10 μmol/L) was added to treated adherent cells, which were maintained in serum-free medium for 45 min. The BCECF fluorescence emission ratio of the 510-nm emission at 490-and 440-nm excitation was calibrated by exposing BCECF loaded cells to the six nigericin (10 μmol/L) calibration buffers, 2-(N-morpholino) ethanesulfonic acid (MES) (pH 5.5), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (pH 6.5, 7.0, 7.5, 8.0) and N-cyclohexyl-2-hydroxyl-3-aminopropanesulfonic acid (CAPSO) (pH 9.5). Acute acid loading was induced by extracellular exposure to 20 mmol/L NH 4 Cl for 10 min. BCECF fluorescence was measured with a SpectraMax M5 spectrophotometer (Molecular Devices) at 490-and 440-nm excitation and 510-nm emission wavelengths. The cytosolic pH was converted from fluorescent ratio using the logarithmic equation described in the other report (23). Nigericin, MES, HEPES, CAPSO, and NH 4 Cl were purchased from Sigma-Aldrich.
Animals and Treatments
Male C57BL/6 mice and PPARα knockout mice (B6.129S4-Ppara tm1Gonz N12) weighing 20-25 g and aged 7 wks were obtained from BioLasco Taiwan and Taconic Biosciences, respectively. The Taipei Medical University Committee of Experimental Animal Care the NRK-52E cells transfected with pcPPAR or the blank vector. NHE1 mRNA showed a significant increase in the pcPPAR-transfected cells and was further validated. Compared with the control cells, the NHE1 protein level increased more than threefold in the pcPPAR-transfected cells ( Figure 2A) . The NHE1 mRNA level also increased more than four-fold in the pcPPAR-transfected cells as revealed by quantitative real-time PCR analysis ( Figure 2B ). We further observed NHE1 activity in the pcPPAR-transfected cells by measuring the intracellular pH values with pH-sensitive fluorophore BCECF. Ten minutes after an NH 4 Cl prepulse, the cytosol pH in the control cells rose from 7.01 to 7.66 in 180 s, whereas the cytosol pH in the pcPPAR-transfected cells rose from 7.03 to 7.67 in 140 s ( Figure 2C ). The pH recovery in the pcPPAR-transfected cells was faster than in the control cells. The NHE1 inhibitor cariporide significantly inhibited the cytosolic pH recovery in both the control and pcPPAR-transfected cells.
On the other hand, we also monitored the cell volume of the pcPPARtransfected cells by flow cytometry with forward scatter area (FSC-A) parameter measuring. Gentamicin treatment resulted in a significant reduction of the mean cell volume within 12 h in the control cells ( Figure 2D ). The cell volume of the pcPPAR-transfected cells obviously increased, and the gentamicin-induced cell volume decrease was limited in the pcPPAR-transfected cells. Similar to the pH changes, the pcPPAR transfectioninduced volume increase and protective effect against gentamicin-induced volume decrease were inhibited by the cariporide treatment. These results suggest PPARα overexpression transcriptionally upregulates NHE1 expression and increases NHE1 activity in the NRK-52E cells.
We further treated mice with beraprost and found NHE1 expression level in the kidney of mice obviously increased ( Figure 2E ). As a positive control, the expression level of malonyl-CoA decarboxylase, a known PPARα-upregulated
ReSULTS
PPAR` Protects Renal Tubular Cells from Gentamicin-Induced Apoptosis
To investigate the antiapoptotic mechanism of PPARα, we transfected rat renal tubular cells (NRK-52E) with rat PPARα cDNA construct (pcPPAR) to overexpress PPARα protein. Compared with blank vector-transfected cells, the PPARα protein level increased more than four-fold in the pcPPAR-transfected cells ( Figure 1A ). We next evaluated the influence of PPARα overexpression on the gentamicin-induced apoptosis in NRK-52E cells by annexin V/PI staining and flow cytometry. As shown in Figures 1B and C, 3 mmol/L gentamicin induced ~24% apoptosis in the control cells, but only 4% apoptosis in the pcPPAR-transfected cells. This result shows that PPARα overexpression protects the NRK-52E cells from gentamicin-induced apoptosis. To investigate the antiapoptotic effect of PPARα in vivo, both normal and PPARα knockout mice were treated with gentamicin (30 mg/kg/day) or saline as controls; the experimental groups were treated with beraprost, a synthetic ligand of PPARα (100 μg/kg/day) in addition. After 7-d treatments, the kidneys were harvested and sectioned for in situ TUNEL assay. As shown in Figure 1D , the scattered and bright nuclei stained by TUNEL staining could be detected over the entire renal cortex from gentamicin-treated mice and beraprost/gentamicin-treated PPARα knockout mice, but they were rarely detected in the specimens of the controls and beraprost/gentamicin-treated normal mice. This result reveals that beraprost-induced PPARα activation inhibits the gentamicin-induced cell apoptosis in renal tubular cells in vivo.
PPAR` Upregulates nhe1 expression and Increases nhe1 Activity in Renal Tubular Cells
To investigate the gene expression influenced by PPARα overexpression, we used next-generation sequencing to analyze the mRNA profiles of Cells were transfected with 100 ng luciferase reporter plasmids as described above. Cell extracts were measured by using the Dual-Luciferase Reporter Assay system (Promega). Firefly luciferase activity values were divided by Renilla luciferase activity values to obtain the normalized luciferase activities.
Immunoprecipitation
The transfected cells were lysed at 4°C in lysis buffer (50 mmol/L Tris, pH 7.5, 1% Nonidet P-40, 0.5% sodium deoxycholate, 150 mmol/L NaCl and protease inhibitors). The immunocomplexes were precipitated by protein A agarose (Roche Molecular Biochemicals) with anti-NHE1 (Santa Cruz), anti-ERM (Cell Signaling Technology) or anti-PIP 2 (Abcam) antibodies, following the manufacturer's instructions.
Short Interfering RnA (siRnA) Transfection
The rat ezrin siRNA (item number s132627) was purchased from Life Technologies, and the rat radixin and moesin siRNA (item numbers M-101027-01-0005 and M-093613-01-0005, respectively) were purchased from Thermo Fisher Scientific. PPARα-overexpressed cells were transiently transfected with the siRNAs or mock control oligonucleotides by using a Lipofectamine RNAiMAX Transfection Reagent (Invitrogen) according to the manufacturer's instructions. Twenty four hours after transfection, the cells were washed and resuspended in new culture media for an additional 24-h gentamicin treatment and Western blot analysis.
Statistics
Data were presented as the mean ± standard deviation (SD). Statistical differences between the two groups were determined using a Student t test. Oneway analysis of variance (ANOVA) was used in cytosolic pH detection. Differences between the groups were considered significant if P values were smaller than 0.01. Mice were injected with saline, gentamicin and beraprost as described in Materials and Methods. Apoptotic cells in kidneys of experimental mice were detected using in situ TUNEL staining. TUNEL-labeled nuclei were revealed as bright spots in cortex sections from gentamicin-treated mice. The identical fields stained for TUNEL were also stained using PI to reveal the positions of cell nuclei. PPARα KO, PPARα knockout mice. The number of TUNEL-labeled cells per millimeter-squared cortex area in each sample was also compiled and demonstrated. Results are expressed as the mean ± SD (n = 6). *P < 0.05 compared with the normal mice treated with gentamicin alone. Scale bar, 50 μm. enzyme, also increased in the kidney of beraprost-treated mice. The immunohistochemistry data also showed that beraprost induced NHE1 expression in normal mice but not in PPARα knockout mice ( Figure 2F ). Beraprost-induced NHE1 was localized to the basolateral membrane of renal tubular cells in mice. These results reveal that beraprostinduced PPARα activation upregulates NHE1 expression in renal tubular cells in vivo.
PPAR` Binding Sites of the Rat nhe1 Gene Promoter
The involvement of PPARα in the NHE1 transcription inspired us to identify the PPARα-binding sites in the -3106/-1 rat NHE1 gene promoter. We detected three putative peroxisome proliferator hormone response elements (PPREs) by computer-assisted analysis using TFBIND (http://www. ims.u-tokyo.ac.jp/imsut/en) and TRED (http://cb.utdallas.edu/cgi-bin/TRED/ tred.cgi?process=home). These sites were named PPRE1, PPRE2 and PPRE3 as described in Figures 3A and B . We next clarified the binding capability of these PPREs to PPARα by ChIP analysis. The primers corresponding to the region spanning the three PPREs were designed as shown in Figure 3B . As shown in Figure 3C , the PPARα-immunoprecipitated sample exhibited positive regions containing PPRE1 and PPRE2, but not PPRE3. This result indicates that PPARα interacts with PPRE1 and PPRE2 of the NHE1 gene promoter in the NRK-52E cells.
To demonstrate further the functionality of these PPRE sites, 5′ deletions of the rat NHE1 gene promoter were linked to the luciferase reporter gene and analyzed in the pcPPAR-transfected NRK-52E cells. As shown in Figure 3D , the luciferase activity significantly increased in the pcPPAR-transfected cells co transfected with -2889/-1 NHE1-LUC (containing PPRE1, PPRE2 and PPRE3) and -2388/-1 NHE1-LUC (containing PPRE2 and PPRE3), but not -615/-1 NHE1-LUC (containing PPRE3). The did not induce significant apoptosis in the pcPPAR-transfected cells, but induced ~28% apoptosis in the cariporide-treated pcPPAR-transfected cells. Compared with Figure 1 , cariporide significantly inhibited the antiapoptotic effect caused by PPARα overexpression in the NRK-52E cells.
Involvement of nhe1 Activity in PPAR` Antiapoptotic effect
We evaluated the involvement of NHE1 activity in the PPARα antiapoptotic effect in the NRK-52E cells by annexin V/PI staining and flow cytometry. As shown in Figures 4A and B, 3 mmol/L gentamicin luciferase activity in the -2889/-1 NHE1-LUC cotransfected cells was significantly higher than in the -2388/-1 NHE1-LUC cotransfected cells. These results suggest that PPRE1 and PPRE2 are the transcriptional regulatory regions by PPARα in the rat NHE1 promoter. 
DISCUSSIOn
The detailed mechanism of the PPARα antiapoptotic effect in renal tubular cells is not yet clear. Some studies show that the cross-talk of PPARα with mitogen-activated protein kinases results in a coordinated suppression of apoptosis (24). PPARα has also been found to inhibit the transcription factor necrosis factor-κB in renal tubular cells (25). However, these mechanisms are not sufficient to explain the strong antiapoptotic effect of PPARα in renal tubular cells. In the present study, we demonstrated that PPARα bound the NHE1 promoter region and upregulated NHE1 expression in the rat renal tubular cells (Figures 2, 3) . PPARα overexpression increased antiacidification and regulatory volume increase ability in the NRK-52E cells via NHE1 activity (Figure 2 ). NHE1 activity was necessary for the protective effect of PPARα against gentamicin-induced apoptosis (Figure 4 ). In the animal study, beraprost-induced PPARα activation also increased NHE1 expression in renal tubules and inhibited gentamicin-induced apoptosis (Figure 2 ). Gentamicin is a widely used antibiotic to treat gram-negative bacterial infection because of its low cost. But gentamicin can cause acute kidney injury in about 20% of patients (26) . This potential nephrotoxicity seriously limits the use of gentamicin. On the basis of our results, the application of PPARα activation, such as beraprost treatment, could reduce the nephrotoxicity of gentamicin and expand the clinical use of gentamicin.
NHE1 is often thought to be a housekeeping protein because its major functions include maintenance of intracellular pH and volume (20). This study presents the first evidence that NHE1 expression is regulated directly by PPARα through PPREs in the NHE1 promoter region. The functional PPREs are located at -2863/-2847 and -2358/-2345 in the rat NHE1 promoter. Sequence analysis shows that these two PPREs are similar to the PPRE (-2979/-2967) in the human apolipoprotein A-IV gene (27) , and the similarities are 10/17 and 10/14, pcPPAR-transfected cells with ERM siRNA transfection ( Figure 5C ). These results suggest that ERM is involved in the PPARα antiapoptotic effect in the NRK-52E cells.
PI3K Upregulation Caused by PPAR` Overexpression
To investigate the involvement of ERM-mediated PI3K/Akt signaling in the PPARα antiapoptotic effect, we monitored the expression of PI3K and phospho-Akt by Western blot analysis. As shown in Figure 6A , gentamicin reduced the expression of Bcl-xL and phospho-Akt in the vector control cells, but not in the pcPPAR-transfected cells. PPARα overexpression significantly increased the PI3K p85 subunit and phospho-Akt expression. Wortmannin, a specific inhibitor for PI3K, inhibited Akt phosphorylation and blocked the influence of PPARα overexpression on gentamicin-reduced Bcl-xL and gentamicin-induced cleaved caspase-3. These results suggest that the PI3K/ Akt signaling pathway is involved in the PPARα antiapoptotic effect. Additionally, PI3K increase in the pcPPARtransfected cells was inhibited by the cariporide treatment ( Figure 6B ), indicating that NHE1 activation is necessary for PPARα overexpression-induced PI3K expression.
Involvement of eRM and PI3K/Akt in PPAR` Antiapoptotic effect
The influence of ERM siRNA transfection and wortmannin on the PPARα antiapoptotic effect was further monitored by annexin V/PI staining and flow cytometry. Gentamicin induced ~30% apoptosis in the mock control cells, which was inhibited by pcPPAR transfection (Figure 7) . Ezrin, radixin and moesin siRNA transfection individually reduced the PPARα antiapoptotic effect. Wortmannin also significantly inhibited the PPARα antiapoptotic effect. These results suggest that ezrin, radixin, moesin and PI3K/Akt are involved in the PPARα antiapoptotic effect.
The influence of PPARα overexpression on the apoptotic signaling pathways was investigated by Western blot analysis. As shown in Figure 4C , the cariporide treatment did not influence PPARα expression, but inhibited the PPARα-induced NHE1 expression. Gentamicin significantly reduced the NHE1 and Bcl-xL expression as well as induced cleaved caspase-3 in the normal and cariporide-treated cells, but not in the pcPPAR-transfected cells without cariporide treatment. Cariporide treatment even reduced the basal level of Bcl-xL in the control and pcPPAR-transfected cells. These results suggest that NHE1 plays a critical role in the PPARα antiapoptotic effect in the NRK-52E cells.
Association of eRM and PIP 2 with PPAR` Antiapoptotic effect
Because NHE1 was reported to bind with ERM and PIP 2 as a cell survival signal complex in the renal tubule epithelial cells, we next monitored the interaction between NHE1 and ERM as well as PIP 2 in the PPARα-overexpressed NRK-52E cells by coimmunoprecipitation. As shown in Figure 5A , the interaction between NHE1 and ERM in the pcPPAR-transfected cells was more than in the control cells. The interaction between ERM and PIP 2 was also obvious in the pcPPAR-transfected cells ( Figure 5B ), although the interaction between NHE1 and PIP 2 was undetectable in our system (data not shown). ERM and PIP 2 might be involved in the protective effect of PPARα overexpression. To further determine the involvement of ERM in the PPARα-induced protective effect, the siRNAs of ezrin, radixin and moesin were used for ERM knockdown in the pcPPAR-transfected NRK-52E cells. Compared to the mock controls, ezrin siRNA significantly reduced ezrin/ radixin expression, radixin siRNA significantly reduced radixin expression and moesin siRNA significantly reduced moesin expression in the pcPPARtransfected cells ( Figure 5C ). Gentamicin significantly reduced Bcl-xL expression and induced cleaved caspase-3 in the Relative increases in the protein bands are also presented in a bar chart form. Results are means ± SD (n = 3). *P < 0.05 versus the mock control group. # P < 0.05 versus the mock control group with gentamicin treatment. Statistical differences between the two groups were determined using the Student t test.
respectively. Human hepatic apolipoprotein A-IV is a lipid metabolismassociated protein and regulated directly by PPARα. Most PPARα-regulated genes are associated with lipid metabolism, but NHE1 activity is independent of lipid metabolism. However, the NHE1 cytosolic tail is supposed to be a caspase-3 substrate in renal tubular cells (22). We also found gentamicin reduced NHE1 expression in the NRK-52E cells ( Figure 4C ). The NHE1 degradation is adverse to the maintenance of cell volume constancy and survival. Thus, PPARα-mediated NHE1 upregulation is an important survival mechanism in renal tubular cells.
Many (33) . Therefore, NHE1-dependent defense against cell volume reduction and intracellular acidification plays a role in the PPARα protective effect in the early stages of apoptosis ( Figure 8 ). NHE1 is reported to act as a scaffold by binding with ERM proteins and PIP 2 , which initiates formation of a signaling complex that culminates in Akt activation and opposition to initial apoptotic stress (20) . The interaction between NHE1 and ERM and between ERM and PIP 2 significantly increased in the PPARα-overexpressed NRK-52E cells ( Figure 5 ). ERM siRNA transfection cisplatin, cyclosporine A and radiocontrast agents, also induce apoptosis in renal tubular cells to cause nephrotoxicity. Therefore, the application of PPARα activation may reduce nephrotoxic drug-induced acute kidney injury and is helpful to expand the clinical use of the nephrotoxic drugs.
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ReFeRenCeS
PI3K expression in the NRK-52E cells ( Figures 4C and 6B) . The detailed mechanism is still unclear. Recent studies reveal that PI3K expression is regulated by the promyelocytic leukemia zinc finger protein (PLZF) (37, 38) . PLZF is a sequence-specific DNA-binding transcriptional factor. The nuclear translocation of PLZF induces the expressions of PI3K p85-α and p85-β subunits at the transcriptional level. Naray-Fejes-Toth et al. (39) demonstrated that PLZF is a negative regulator of the epithelial Na channel in renal epithelial cells. This finding implies that there is a negative correlation between PLZF activation and Na transport. PLZF might be part of a negative feedback mechanism that inhibits PPARα-induced NHE1 and PI3K upregulation. However, more studies are necessary to investigate the mechanism of the inhibitory effect of cariporide on NHE1 expression in PPARα-overexpressed renal tubular cells.
COnCLUSIOn
This study indicated that NHE1 upregulated by PPARα protected the renal tubular cells from gentamicin-induced apoptosis via NHE1-associated pathways, including regulatory volume increase, alkalinization and PI3K/Akt activation. Besides gentamicin, some other important clinical drugs, such as reduced the PPARα antiapoptotic effect ( Figures 5, 7) , indicating that ERM played a role in the protective effect. PPARα overexpression also induced PI3K expression and Akt phosphorylation, which depended on NHE1 activity ( Figure 6 ). Functional blockage of PI3K by wortmannin inhibited Akt phosphorylation and the PPARα antiapoptotic effect (Figures 6, 7) . Our results suggest that NHE1 uses ERM to bind PIP 2 in a signalplex, which induces PI3K expression. PI3K converts PIP 2 into phosphatidylinositol (3,4,5)-phosphate [PI(3,4,5) P 3 ] and results in the phosphorylation of Akt (34) . The PI3K/Akt pathway is a well-known antiapoptotic pathway. Phosphorylated Akt activates antiapoptotic proteins such as Bcl-2 and Bcl-xL (35) and prevents cytochrome c leakage from the mitochondria. The blockage of cytochrome c leakage also inhibits proapoptotic protein caspase-9 and -3 activities (36) . Our data show that PPARα upregulates NHE1expression and then recruits ERM and PIP 2 to transmit the cell survival signal via the PI3K/ Akt signaling pathway. Our study first provides the evidence that NHE1, ERM and PI3K are involved in the protective effect of PPARα against gentamicininduced apoptosis in renal tubular cells.
Our results showed that cariporide inhibited PPARα-induced NHE1 and 
